A rterial hypertension is the leading cause of cardiovascular diseases, including stroke, heart failure, and coronary heart disease.
A rterial hypertension is the leading cause of cardiovascular diseases, including stroke, heart failure, and coronary heart disease. 1 Salt plays a major role in the regulation of blood pressure and is one of the most critical factors for hypertension and stroke. 2, 3 There is a considerable body of evidence linking higher salt intake with higher blood pressure and increased cardiovascular risk. 4 The sodium-proton-exchanger subtype 3 (NHE3) is highly expressed at the apical membrane of the intestine and colon and mainly regulates intestinal salt and water absorption in the gut. 5, 6 Enhanced sodium absorption favors high blood pressure in the elderly patients. 3 Other than hypertension, increased absorption of sodium in the gut reduces feces water content and causes constipation. 5 Constipation can be complicated by fecal impaction and incontinence, particularly in elderly people with reduced mobility. 7 Pharmacological inhibition of the intestinal NHE3 might lead to reduced sodium absorption and could be therapeutically equivalent to well-known benefits of dietary sodium restriction. 4, [8] [9] [10] Additionally, not-absorbed sodium might bind water in the gut resulting in a laxative effect. Consistently, NHE3-knockout mice show loose stools and a lower blood pressure compared with wild-type mice. 11 Because reduced sodium absorption in the gut is an interesting therapeutic target for hypertension and constipation, we tested the use of intestinal NHE3 inhibition in 2 hypertensive rat models. We used senescent lean spontaneously hypertensive rats (SHR-lean) loaded with sodium chloride via drinking water and treated them with a nonabsorbable specific NHE3 inhibitor, SAR218034 (SAR) with and without the angiotensin-converting enzyme (ACE) inhibitor ramipril (RAM). Because insulin stimulates the NHE3 exchanger, 12, 13 we additionally tested the effect of long-term treatment with the NHE3 inhibitor in obese hyperinsulinemic SHR (SHR-ob).
Materials and Methods
All animal studies were performed in accordance to the German law for the protection of animals.
IC 50 and Intestinal Absorption Determination
IC 50 values of SAR were determined by fluorometric imaging plate reader measurements in NHE-deficient mouse fibroblast cell line lipopolysaccharide-associated protein 1 with transfected NHE1, NHE3, and NHE5 cDNAs (please see the online-only Data Supplement). 15 Pharmacokinetic studies were done in 6 Sprague Dawley rats to obtain a plasma drug concentration versus time plot for SAR (1 mg/ kg) after both intravenous and oral administration. SAR plasma concentration was determined every hour up to the 24th hour. The absolute bioavailability was the dose-corrected area under curve nonintravenous divided by area under curve intravenous. To further characterize intestinal absorption, Caco-2/TC7 cell line experiments were performed as described elsewhere. 16 
Vascularly Perfused In Situ Preparations of the Small Intestine
To investigate intestinal sodium and water transport, vascularly perfused in situ half-open colon/intestinal reperfusion preparations of the small intestine were used as described elsewhere (please see the online-only Data Supplement).
In Vivo Experiments
Dose-dependent increase of intestinal sodium excretion and water content of feces by SAR (0, 0.07, 0.23, and 0.70 mg/kg) was investigated in 24 Sprague Dawley rats, 6 rats per group. Individual rats were loaded with NaCl 3% in drinking water. Twenty-four-hour sodium excretion after 7 days oral feeding with SAR was investigated.
Seventy-eight-week-old SHR-lean were randomized in 4 groups (each n=14) and treated for 14 weeks: (1) placebo (SHR), (2) NHE3 inhibitor (1 mg/kg per day in chow; SAR), (3) ACE inhibitor (RAM;1 mg/kg per day via drinking water), and (4) SAR+RAM. Metabolic investigations (plasma, feces, and urine samples) and blood pressure measurements were performed in the 92nd week of age (please see the online-only Data Supplement). SHR-lean were loaded with NaCl 0.7% in drinking water.
Male, 8-week-old SHR-ob (Charles River Laboratories) were randomized in 2 groups, placebo (n=7) and NHE3 inhibitor (1 mg/kg per day in chow; SAR, n=8) and treated for 6 weeks. Metabolic investigations (plasma, feces, and urine samples) and blood pressure measurements were performed (please see the online-only Data Supplement). SHR-ob were not loaded with NaCl in drinking water.
Statistical Analysis
Data are presented as mean±SEM. Depending on the homogeneity of variances (Levene test), significant differences were calculated by a 1-way ANOVA followed by a post hoc Dunnett test. Kruskal-Wallis test was used, if variances were not homogeneous. When testing for differences between repeated measured parameters, a 2-way ANOVA (for repeated measures) followed by a post hoc Dunnett test was used. For repeated measured parameters, a rank transformation was performed if variances were not homogeneous. For all statistical calculations, software Everstat V5 based on SAS 8 was used. P<0.05 was considered to be statistically significant.
Results

Expression Profile of NHE3
A screening of the rat NHE3 expression profile revealed highest expression in the proximal tubule of the kidney, whole small intestine, and colon ( Figure 1A ). Amino acid sequence comparison revealed high homologies between orthologous NHE proteins in rats and humans ranging from 90% to 98% identity (data not shown).
Characterization of NHE3 Inhibitor SAR218034
SAR218034 (SAR; Figure 1B ) is a new NHE3 inhibitor. SAR has a molecular weight of 512.4 (free base). The inhibitory potency of SAR was tested on different recombinant NHE cell lines expressing NHE3 from human and rat, human NHE1, 
Effect of SAR on Feces Sodium and Water Excretion
In in situ half-open colon/intestinal reperfusion experiments, SAR increased sodium concentration (155±2 versus 148±1 mmol/L in controls; P<0.01) and volume (9.2±0.2 versus 8.3±0.1 mL in controls; P<0.01) of perfusate at the end of a 3-hour reperfusion period. Oral treatment for 7 days with SAR (0.01-0.30 mg/kg) dose-dependently increased feces sodium concentration and water content in sodium-loaded normotensive Sprague Dawley rats ( Figure 1C and 1D).
Effect of Long-Term Intestinal NHE3 Inhibition in SHR-Lean
In Figure 2 , the effect of long-term intestinal NHE3 inhibition with or without RAM and of RAM alone on oral sodium intake (top) and urinary and feces sodium excretion (bottom) is shown. Food consumption did not differ between the groups, but water consumption (0.7% sodium content) was higher in SAR-treated SHR-lean. In SAR-treated animals, feces sodium excretion was increased and urinary sodium excretion was reduced. This suggests reduced intestinal sodium absorption in SAR-treated animals. Individual total oral sodium intake and total sodium excretion were similar in all groups. Changes in sodium excretion in SAR-treated SHR-lean were not modified by RAM cotreatment. Intestinal inhibition of NHE3 reduced systolic blood pressure and showed an additive effect in combination with RAM ( Figure 3A) . Heart rate was similar in all groups ( Figure 3B ). SAR increased feces water content in SHR-lean and in RAM-treated SHR-lean ( Figure 3C ). However, total water intake and total water excretion did not differ within groups. Sodium serum concentration was similar in all groups ( Figure 3D ). RAM alone had no effect on feces water content or heart rate but reduced systolic blood pressure. Long-term intestinal inhibition of NHE3 by SAR moderately increased aldosterone plasma concentration ( Figure 4A ) or renin ( Figure 4B ) and ACE plasma activity ( Figure 4C ). RAM alone and SAR in combination with RAM reduced ACE activity, increased renin activity, and reduced aldosterone concentration in SHR-lean to a similar extent. Low-sodium diet (0.01 g NaCl/100 g of rat chow) for 10 days reduced urinary sodium excretion and reduced blood pressure in SHRlean (Table S1 , please see the online-only Data Supplement). Figure 5 summarizes the effect of intestinal NHE3 inhibition for 6 weeks on oral sodium intake (top) and urinary and feces sodium excretion (bottom) in SHR-ob. SAR treatment in SHR-ob did not modify oral sodium intake. Drinking water did not contain sodium in this study (0% sodium content). In SAR-treated SHR-ob, feces sodium excretion was increased and urinary sodium excretion was reduced, suggesting reduced intestinal sodium absorption in SAR-treated animals. Individual total oral sodium intake and total sodium excretion were similar within all groups. Inhibition of intestinal NHE3-mediated sodium absorption resulted in a significant reduction of systolic blood pressure ( Figure 6A ). Heart rate remained unchanged ( Figure 6B ). Feces water content was significantly Figure 6C ). Serum sodium concentration did not differ between groups ( Figure 6D ). Body weight was not changed by SAR. Water consumption was increased in NHE3 inhibitor-treated SHR-ob when compared with the placebo-treated SHR-ob. Serum insulin, glucose, or hemoglobin A1c, and lipids were not changed by NHE3 inhibitor treatment. SAR did not change potassium serum concentration (Table 2 ). Gene expression of NHE3 was upregulated in the ileum ( Figure 7A ) and jejunum ( Figure 7B ) of SAR-treated SHR-ob rats. Changes in gene expression of NHE3 in colon ( Figure 7C ) of SAR-treated SHR-ob rats just failed significance.
Effect of Long-Term Intestinal NHE3 Inhibition in SHR-ob
Discussion
This is the first study showing that inhibition of intestinal sodium absorption by selective pharmacological inhibition of the NHE3 exchanger in the gut reduces systolic blood pressure and increases feces water content in 2 hypertensive rat models. Long-term treatment with the nonabsorbable NHE3 inhibitor SAR does not cause hyperkalemia or metabolic disarranges.
In rats, NHE3 is expressed predominantly in the kidney and intestinal segments. NHE3 plays a central role in absorptive functions that profoundly influence systemic electrolyte and blood pressure homeostasis. 6 The new NHE3 inhibitor SAR demonstrated high potency and selectivity and has approximately equivalent inhibitor action on rat and human NHE3. SAR did not interact with the physiological functions of human NHE5 17 or NHE1 isoforms. 18 Amino acid sequence comparison revealed high homologies between orthologous NHE proteins in rats and humans ranging from 90% to 98% identity. Therefore, IC 50 values for different NHEs should not differ significantly between species.
The bioavailability of SAR is very low as demonstrated in a permeability assay (Caco-2 in TC7 cells) and in oral bioavailability studies. An oral dose of 1 mg/kg as used in our study corresponds to a maximal plasma concentration of ≈1 nmol/L. This is 13-fold below the IC 50 value for rat NHE3. Derivatives of SAR with lower . NHE3 is located on the apical plasma membrane and may have an extracellular domain exposed intraluminally with which SAR can interact. 5, 6 This explains the increased efficacy of the nonabsorbable NHE3 inhibitor SAR compared with a highly absorbable NHE3 inhibitor in the gut. Additionally, in vascularly perfused in situ preparations of the small intestine, intraluminal SAR application increased sodium concentration and volume of the perfusate. This underlines the local effect of SAR at the luminal intestinal membrane. The observed changes in sodium excretion in our study suggest an isolated effect of NHE3 inhibition by SAR in the gut. In this study, we measured very low SAR plasma concentrations. However, SAR levels may be higher in the renal tubule because of water extraction. NHE3 inhibition in the kidney by biological relevant SAR levels would have theoretically resulted in increased urinary sodium excretion and in a diuretic effect. Additionally, NHE3 inhibition in the kidney should have resulted in an increase in urine pH. By contrast, we observed reduced urinary sodium excretion and lower pH in SAR-treated animals possibly representing a compensatory mechanism mediated by the kidney to correct for acidosis and hyponatremia in NHE3 inhibitor-treated animals. A comparable reduction in renal sodium excretion was also observed in SHRlean fed with low-sodium diet. In addition, with very potent and orally highly bioavailable NHE3 inhibitors, we could not see a significant influence on renal function, for example, natriuresis (unpublished data). This is the reason that no renal-specific NHE3 inhibitor was developed for clinical use. Altogether, we suggest that SAR218034 can be considered to be a functionally nonabsorbable NHE3 inhibitor suitable to block NHE3 locally in the gut.
Enhanced activity of intestinal NHE3 increases salt and water absorption in the gut, 5, 6 possibly resulting in hypertension Figure 5 . Effect of long-term treatment for 6 weeks with SAR in spontaneously hypertensive rats (SHR)-ob (n=7/group) on oral sodium intake (top, total bars represent cumulative sodium intake) and urinary (grey) and feces (black) sodium excretion (bottom, total bars represent cumulative sodium excretion; 0% sodium content in drinking water). n.s. indicates not significant. and constipation under several pathophysiological conditions. Activity of the NHE3 exchanger has been shown to be upregulated in the gut of elderly patients 19 and high aldosterone levels, for example, induced by salidiuretic therapy result in a further upregulation of NHE3 in the gut. 20 This may be particularly relevant in congestive heart failure and chronic kidney disease patients with high diuretic doses. 21 We showed that NHE3 inhibition in the gut results in increased feces sodium excretion and reduced urinary sodium excretion, whereas total sodium consumption and serum sodium concentration were not modified. This suggests reduced sodium absorption in the gut in SAR-treated animals and compensating changes in urinary sodium excretion to maintain a stable sodium concentration of 142 mmol/L. Reduced urinary sodium excretion is associated with a reduced risk of overall cardiovascular events in patients without congestive heart failure. 22 Reduced intestinal sodium absorption in SAR-treated animals was associated with lowered blood pressure in old SHR-lean, a rat model for genetic hypertension. Interestingly, a similar reduction in blood pressure was observed in SHR-lean fed with a low-salt diet resulting in a comparable change in urinary sodium excretion, suggesting that reduced sodium intake or absorption might partly explain blood pressure reduction by SAR. Because insulin stimulates the NHE3 exchanger, 12, 13 we additionally tested the effect of long-term treatment with the NHE3 inhibitor in SHR-ob.
SHR-ob SAR
14 SAR resulted in a comparable effect on blood pressure in SHR-lean and SHR-ob, 2 hypertensive rat models, and in both, sodium-loaded and -nonloaded animals. Increased sodium concentration in the feces in SAR-treated animals binds water in the gut. A stool water content of 60% to 70% in SARtreated animals results in a softer but still solid stool consistency and does not cause diarrhea. Our findings are in line with recent studies in NHE3 null mice, which showed increased feces water content and hypotension 23 and confirm the role of intestinal NHE3 in the development of hypertension and constipation.
NHE3 regulation is modulated by a number of mechanisms. 6 Most of the NHE3 regulations in the literature describe acute regulation that occurs within the time span of minutes of cellular activation. Chronic regulation of NHE3 mainly involves transcriptional modification of NHE3. In NHE3 inhibitor-treated SHR-ob, we found an upregulation of NHE3 gene expression in the ileum and colon but not in the jejunum. However, our functional measurements after long-term SAR treatment suggest that the observed NHE3 upregulation does not limit the blood pressure-lowering and laxative effects of SAR. Whether SAR treatment results in changes in renal NHE3 expression needs to be investigated in future studies. These findings have several therapeutic implications. Up to now, salidiuretics are effectively used to treat high blood pressure and to improve congestion in congestive heart failure, but their use is often limited by constipation. 21 We provide a novel alternative treatment strategy to reduce sodium and water load by selective NHE3 inhibition in the gut. In SHR-ob and SHR-lean, long-term intestinal NHE3 inhibition did not result in the development of hypokalemia, diabetic condition, or impaired lipid status. This is important because adverse effects such as worsening of the metabolic situation favoring a prodiabetic metabolism, hypokalemia favoring arrhythmogenic death, and worsening of kidney function occur during salidiuretic treatment. We tested whether a combination of systemic ACE inhibition and intestinal NHE3 inhibition would have particular use. NHE3 inhibitor treatment can be safely combined with ACE inhibitors and the combination results in additive blood pressure-lowering effect. NHE3 inhibitor treatment reduced blood pressure by an increased fecal sodium and water content. A modification of fecal sodium and water content was not observed in ACE inhibitor-treated animals, suggesting a different independent mode of action.
Low-salt intake results in an activation of the renin-angiotensin-aldosterone system, which serves to conserve sodium at the level of the renal tubule via increased reabsorption of filtered sodium and possibly explaining reduced renal sodium excretion in SAR-treated animals. Although the statistical analysis data give evidence for no significant changes of the renin-angiotensin-aldosterone system, there is a clear trend toward increased renin activity and ACE activity as well as aldosterone in NHE3 inhibitor-treated SHR. However, most of the elderly patients are treated with ACE inhibitors or angiotensin receptor blockers reducing the adverse effect of renin-angiotensin-aldosterone system activation. The combination of ACE/angiotensin receptor blockers with NHE3 inhibitor treatment should be beneficial.
Our study might have some limitations. For blood pressure measurement, we used the tail-cuff method rather than telemetry. Telemetry would have added further information about blood pressure pattern. Terminal clearance experiments examining renal filtration and tubular function were not investigated in our study, but should be addressed in further experiments.
Conclusion and Perspectives
Selective inhibition of NHE3-mediated sodium absorption in the gut has the potential to reduce high blood pressure and can be safely combined with ACE inhibitor treatment. In addition, NHE3 inhibition in the gut may display a laxative effect in elderly patients suffering from constipation. Contrary to diuretics, NHE3 inhibitor treatment does not impair glucose metabolism and does not result in hypokalemia. These results show that SAR218034 inhibiting intestinal NHE3-mediated sodium absorption has potential as a representative of a new class of antihypertensive drugs. Intestinal NHE3 inhibitors may be particularly useful as an adjunct to other therapies. The real potential of the NHE3 inhibitor is to help accomplish a truly low-salt intake from the gut, because it is notoriously difficult to sufficiently reduce salt in the human diet. Figure S1
: Vascularly perfused in-situ preparations of the small intestine.
Adapter pylorus of the stomach Second adapter at 30cm distal to the first one Gut filled with perfusate
